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Fibroblast growth factor (Fgf) and Wnt signaling are necessary for the intertwined processes of tail
elongation, mesodermal development and somitogenesis. Here, we use pharmacological modiﬁers and
time-resolved quantitative analysis of both nascent transcription and protein phosphorylation in the
tailbud, to distinguish early effects of signal perturbation from later consequences related to cell fate
changes. We demonstrate that Fgf activity elevates Wnt signaling by inhibiting transcription of the Wnt
antagonists dkk1 and notum1a. PI3 kinase signaling also increases Wnt signaling via phosphorylation of
Gsk3b. Conversely, Wnt can increase signaling within the Mapk branch of the Fgf pathway as Gsk3b
phosphorylation elevates phosphorylation levels of Erk. Despite the reciprocal positive regulation
between Fgf and Wnt, the two pathways generally have opposing effects on the transcription of
co-regulated genes. This opposing regulation of target genes may represent a rudimentary relationship
that manifests as out-of-phase oscillation of Fgf and Wnt target genes in the mouse and chick tailbud. In
summary, these data suggest that Fgf and Wnt signaling are tightly integrated to maintain proportional
levels of activity in the zebraﬁsh tailbud, and this balance is important for axis elongation, cell fate
speciﬁcation and somitogenesis.
& 2012 Elsevier Inc. All rights reserved.Introduction
Vertebrate axis elongation and segmentation are closely linked
processes that occur in the tailbud, which is the posterior leading
edge of the embryo (Grifﬁth et al., 1992; Holmdahl, 1925). Recent
studies have resolved some long-standing questions regarding the
potency of tailbud cells and indicate that the tailbud contains
bipotential neural/mesodermal stem cells (Martin and Kimelman,
2012; Takemoto et al., 2011; Tzouanacou et al., 2009; Wilson
et al., 2009). The stem zone of the tailbud, which contains these
bipotential cells, is one of many discrete domains of gene
expression within the tailbud. However, there is also extensive
cell movement before mesodermal cells enter the presomitic
mesoderm (PSM) and undergo segmental patterning (Benazeraf
et al., 2010; Kanki and Ho, 1997; Mara et al., 2007; Zamir et al.,
2006). Morphological segmentation manifests as the formation of
somites, which are anlagen of the vertebral column and skeletal
muscle. Somites form sequentially from anterior to posterior in
conjunction with elongation of the embryo. Canonical (b-catenin
dependent) Wnt and Fibroblast growth factor (Fgf) signaling link
axis elongation and somitogenesis, and perturbation of eitherll rights reserved.
).pathway results in tail truncation and/or abnormal somitogenesis
(Kimelman, 2006; Pourquie, 2011).
Fgf and Wnt signaling cooperate with a network of T-box
family transcription factors to regulate both cell fate within the
tailbud and axis elongation. This interaction appears conserved
across mouse, chick, zebraﬁsh and Xenopus (Kimelman, 2006;
Wilson et al., 2009). In zebraﬁsh, four T-box genes, ntl, spt, bra and
tbx6, function in combination to specify mesoderm (Amacher and
Kimmel, 1998; Goering et al., 2003; Grifﬁn et al., 1998; Grifﬁn and
Kimelman, 2002; Martin and Kimelman, 2008). Wnt signaling has
been shown to regulate tbx6 expression and promote mesodermal
fates (Szeto and Kimelman, 2004). Meanwhile, ntl and spt target
Fgf genes, which in-turn regulate T-box gene expression, forming
a positive autoregulatory loop also required for mesoderm iden-
tity (Draper et al., 2003; Grifﬁn et al., 1998; Grifﬁn and Kimelman,
2003). Recent data point to another positive feedback loop
between ntl, bra and canonical Wnt signaling in paraxial meso-
derm precursors. This study also suggests that the T-box/Fgf loop
is restricted to the axial mesoderm (Martin and Kimelman, 2008).
The relationship between Wnt and Fgf signaling has been
explored in the context of somitogenesis. Conditional knock-outs
(cKOs) of Fgfr1 or Fgf4 and Fgf8 in mesoderm progenitors exhibit
tail extension defects, alteration in cell fates and aberrant somi-
togenesis (Naiche et al., 2011; Niwa et al., 2007; Wahl et al., 2007). In
Fgfr1 cKO mice, Wnt target genes are no longer expressed in the
anterior PSM, but a high level of posterior expression of the Wnt
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These studies were conﬁrmed with a chemical inhibitor of Fgfr1 and
suggest that Wnt signaling oscillations are downstream of Fgf
signaling (Wahl et al., 2007). Conversely, other evidence suggests
Fgf signaling is downstream of Wnt activity. Expression of constitu-
tively active (ca) b-catenin in the paraxial mesoderm expands the
unsegmented mesoderm tissue, while the vestigial tail (vt) mutant
(a Wnt3a hypomorph) has a shortened axis and malformed somites
(Aulehla et al., 2008; Dunty et al., 2008; Greco et al., 1996; Takada
et al., 1994). In vt/vtmouse embryos Fgf8 levels are reduced (Aulehla
et al., 2003), and in ca b-catenin embryos Fgf activity is increased
(Aulehla et al., 2008; Dunty et al., 2008), suggesting Wnt signaling
regulates Fgf. When ca b-catenin embryos are combined with either
of the Fgf cKOs, a partial rescue of somitogenesis, but not tail
elongation, is observed (Aulehla et al., 2008; Naiche et al., 2011).
Together, these data suggest that the Fgf andWnt signaling pathways
regulate each other and do not have a simple epistatic relationship.
Fgf signaling is transduced through a number of downstream
pathways, including the mitogen-activated protein kinase (Mapk)
pathway and phosphoinositide 3-kinase (PI3k) pathway. Fgf activity
is in a gradient in the tailbud and PSM, with activity being highest in
the posterior and progressively diminishing toward the anterior
(Dubrulle et al., 2001; Sawada et al., 2001). Both Mapk and PI3k
exhibit graded activity in the PSM and multiple studies have
examined the role of Mapk in somitogenesis and PSM cell motility
(Benazeraf et al., 2010; Delﬁni et al., 2005; Dubrulle and Pourquie´,
2004; Niwa et al., 2007; Wahl et al., 2007). While it has no reported
role in segmentation, PI3k signaling has been linked to cell motility
in migrating primordial germ cells and neutrophil migration in
zebraﬁsh (Dumstrei et al., 2004; Yoo et al., 2010). Additionally, Fgf
ligands have been shown to be both an attractant (Fgf4) and
repellent (Fgf8b) to chick primitive streak cells (Yang et al., 2002),
implicating the Fgf pathway in chemotaxis. The chemotactic prop-
erty of Fgf ligands, combined with the presence of multiple down-
stream effectors involved in cell movement, suggest that inhibition
of the Fgfr could impact cell migration within the tailbud.
Here, we use pharmacological modiﬁers and time-resolved
quantitative analysis of both nascent transcription and protein
phosphorylation in the tailbud to distinguish early effects of
signal perturbation from later consequences related to cell fate
changes. We demonstrate that Fgf activity elevates Wnt signaling
by inhibiting transcription of the Wnt antagonists dkk1 and
notum1a. PI3 kinase signaling also increases Wnt signaling via
phosphorylation of Gsk3b. In addition, Wnt can increase signaling
within the Mapk branch of the Fgf pathway. Thus, while the Wnt
and Fgf pathways each function in positive feedback loops with
T-box genes, Wnt and Fgf signaling appear to be more directly
integrated. More broadly, Fgf and Wnt activity have opposing
effects on the transcription of co-regulated genes. This opposing
regulation of target genes by the two pathways may represent a
rudimentary relationship that manifests as out-of-phase oscilla-
tion of Fgf and Wnt target genes in the mouse and chick tailbud.Methods
Zebraﬁsh
All ﬁsh used in this study were of TLF or TLAB strains. Zebraﬁsh
were handled in accordance to protocols approved by Yale
University Institutional Animal Care and Use Committee.
Chemical treatment of zebraﬁsh embryos
Embryos were raised at 24 1C and moved to 20 1C overnight. At
the 4 somite stage, embryos were dechorionated in batches of60–90 embryos in a 2 mg/mL solution of Pronase in E2. The
embryos were washed several times in E2 before being incubated
in 500 mL of E2 (15 mM NaCl, 0.5 mM KCl, 1 mM MgSO4, 0.15 mM
KH2PO4, 0.05 mM Na2HPO4, 1 mM CaCl2, 0.7 mM NaHCO3) plus
chemical modiﬁer. Concentrations used were 50 mM SU5402
(Tocris), 100 mM U0126 (LC Laboratories), 60 mM LY294002 (LC
Laboratories), and 0.3 M LiCl (Sigma). A solution of 1% DMSO in E2
was used as a vehicle control. Embryos were incubated for
different lengths of time at 28 1C in glass depression slides. LiCl
treatment lasted 30 min, after which embryos were transferred to
E2 plus DMSO until removed for dissection.
Tailbud dissections and RNA extraction
Embryos were dissected in Marc’s Modiﬁed Ringers solution
(MMR) modiﬁed to include a ﬁnal concentration of 10 mM Hepes
(MMR 10 mM Hepes). Tailbuds were collected at room tempera-
ture into ice-cold RA1 buffer for RNA extraction following kit
protocols (Macherey–Nagel RNA XS) or MMR 10 mM Hepes plus a
protease inhibitor cocktail (Roche) and stored at 80 1C for
Western blotting.
Western blots
Samples were prepared by adding lysis buffer and dithiothrei-
tol (DTT) (12 mg/mL ﬁnal concentration) to tailbuds in MMR
10 mM Hepes plus protease inhibitors, and incubated at 95 1C for
5 min. Lysed samples were loaded into 4% stacking, 10% resolving
bis-acrylamide gels. Proteins were transferred to nitrocellulose
paper and incubated overnight in primary antibodies. Primary
antibodies were used at a 1:1000 dilution and included anti-b-
Tubulin (T4026, Sigma–Aldrich), anti-phospho-Gsk3b (Ser9)
(D85E12, Cell Signaling), anti-phospho-Akt (Ser 473) (D9E XP,
Cell Signaling), and anti-Map Kinase, Activated (diphosphorylated
Erk 1&2) (M8159 Sigma). Primary antibodies were detected using
1:50,000 dilutions of secondary antibodies, goat anti-rabbit IgG
Horseradish Peroxidase conjugated (G-21234 Molecular Probes)
and rabbit anti-mouse IGG peroxidase conjugated (A9044 Sigma),
followed by ECL plus Detection Reagent (GE Healthcare). Film was
digitally imaged and pixel intensities calculated using ImageJ.
Statistics were calculated using the Student’s unpaired t test.
In situ hybridization
Probe synthesis and standard in situ hybridization protocols
were performed as previously described for digoxygenin-labeled
probes (Julich et al., 2005). Embryos were raised and treated as
described for RNA or protein analysis, but ﬁxed in 4% parafor-
maldehyde (PFA) after treatment. The experiment was repeated
4 times, staining in parallel and stopped after the same duration.
Images were processed with the same magniﬁcation and image
crop size. The dkk1 probe was synthesized using a forward
primer 50-tgggctgcatcaaagtggccgg-30 and reverse primer 50-ccattc-
caagtcctgcttccctc-30 with a T7 sequence added to the 50 end of the
reverse primer.
Quantitative real-time PCR
Extracted RNA was converted to cDNA following High-Capacity
cDNA Reverse Transcription kit protocol (Applied Biosystems). cDNA
was then mixed with primers, buffer, and power SYBR green
(Applied Biosystems) and loaded in a 7900 HT Applied Biosystems
machine. Cycle parameters were 95 1C for 10 min, followed by 40
cycles of 95 1C for 10 s, 58 1C for 1 min. Primer concentrations were
adjusted to attain primer efﬁciencies between 90–120%. Fold change
was determined by 2^(DDCt), where expression was normalized
Forward 50-30 Reverse 50-30 Exon/Intron
axin2 CCAGCAGCAAAGCCTTCAGT GCGCGCACAAAGTAGACGTA Intron
dkk1 GCTTGGCATGGAAGAGTTCG AGTGACGAGCGCAGCAAAGT Exon
notum1a CTGCCCAAACAATCGGACGC CTCAGAGGGGTGTCATCTTCGC Exon
spred3 GGACAGAGGATCTGACTCGCCA AGGGGCGCACAAAACAGGTG Exon
her1 TGCATGCCTTTCCACTCTCCCTAAC ATGGCATCTGGGGTCTCCTT Intron
her7 CGGGCTGCTTTTTGAAGACA TGTCAACTCTTATGTTTTGTAGCAACC Intron
hes6 GCAACACTCACGACGAGGAT AGTTGTGGGAAACGTCGACAA Intron
sef TGAGCTCACAGCCCTTCTCA GCAGAAAAGATGGCGGAAAG Intron
sprouty4 ATGAGGACGAGGAAGGCTCC GCATTTCTGCGAAAGCTTGG Exon
dusp4 ACAACGCGCTGTGTAGGGATAC GGACCACCCTGGTCGTGTTG Exon
pea3 TATGACCGAGCGGCCCACAT GCAGCCAGGCACATCAGGTT Exon
tbx6 TCCATCCAGACTCACCCGCC AGTGAAGAACCACCAGGCCGT Exon
tbx24 TCACTAAGAAGGGCAGGCGAATGT ACCACCTGCCAGCTGTTGTCTTG Exon
fgf8a CATATGTTGCGAGTCACAGTGTGGA TGGTTACCTGAGCATAGTAGCAAAACG Exon
cdx4 TCGGCGGTTCTTCCTCCACCA CGTTTTGCCGGTTGATGACGACT Exon
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Statistical comparisons were made using the Student’s unpaired
t test. b-actin primers were previously described (Keegan et al.,
2002), but all other primers were designed for this study as
indicated above.
Microarray analysis
Extracted RNA was cleaned via an additional step using an RNA
Clean and Concentrator kit (Zymo Research) for increased purity. A
fraction of extracted RNA was converted to cDNA and tested by
qPCR to verify drug effect. The RNA then was shipped to Ambry
Genetics for hybridization and reading using 444k zebraﬁsh
arrays (v3) from Agilent Technologies. Microarrays were performed
in triplicate. For the SU5402 3 h versus 7 h treatment comparison, a
minimum 2-fold change and p-value of less than 0.05 was the cutoff.
For comparison of microarray data for 3 h SU5402 and LiCl treat-
ments, a 1.5-fold cutoff was used with po0.05. GEO accession
number: GSE38969.
Gene ontology
We used DAVID Bioinformatics Resources 6.7 to cluster genes
regulated from the microarray (Huang da et al., 2009a, b). Genes
were identiﬁed by Ofﬁcial_Gene_Symbol using the zebraﬁsh
background. Genes were clustered according to KEGG annotation
or Biological process FAT. Classiﬁcations selected had a p-value of
less than 0.05.Results
Time course of Fgf inhibition and Wnt activation following
pharmacological modiﬁcation
Chemical treatments were initiated at the beginning of segmenta-
tion to allow for long chemical incubations, and we dissected tailbuds
from embryos undergoing somitogenesis to gain tissue speciﬁcity
(Fig. 1A and B). After 3 h of chemical treatment, gene expression
levels changed signiﬁcantly. Known direct targets of Fgf (sef and
sprouty4) and Wnt (dkk1 and axin2) signaling were used to verify
drug efﬁcacy (Chamorro et al., 2005; Furthauer et al., 2002; Furthauer
et al., 2001; Jho et al., 2002; Tsang et al., 2002). After 3 h of treatment
with the Gsk3b inhibitor, LiCl (Klein and Melton, 1996; Stambolic
et al., 1996), a signiﬁcant increase in nascent axin2 RNA and dkk1
mRNA was observed, indicating induction of Wnt signaling (Fig. 1C).Nascent qPCR primers include one primer in an intron region and the
other in an exon, while mRNA qPCR primers are exon primers that
span a spliced intron site. Embryos treated with the Fgfr1 inhibitor,
SU5402 (Mohammadi et al., 1997), displayed a decrease in both sef
and sprouty4 nascent RNA and mRNA levels, respectively, after 3 h of
treatment, indicating Fgf inhibition (Fig. 1D). After 7 h of treatment
with SU5402, nascent her1 and her7 transcription and tbx6 mRNA
levels were signiﬁcantly down-regulated, marking a second time-
point in SU5402 treatment at which the number of presomitic
mesoderm cells is reduced (Fig. 1E). Agilent zebraﬁsh (v3) micro-
arrays were performed at both SU5402 time-points and the number
of regulated genes nearly doubled at 7 h (Fig. 1F). This latter dataset
includes a much larger Gene Ontology proﬁle, suggesting many more
secondary effects at the later time point (Fig. 1G). Therefore, the 3 h
time-point was used for most of our analyses as we conclude that at
7 h much of the change in gene expression is due to alteration in
cell fate.
Fgf and Wnt signaling oppositely affect 95% of co-regulated genes
We performed microarray analysis of dissected tailbuds from
embryos treated with LiCl or SU5402 for 3 h. The LiCl and SU5402
microarrays had an overlap of 274 targets (Fig. 2A). Interestingly,
263 of the 274 targets (95%) were oppositely regulated by the Wnt
and Fgf pathways meaning that expression either increased after
both LiCl and SU5402 treatment or decreased after both LiCl and
SU5402 treatment. About half of the co-regulated genes were
up-regulated by both Wnt and Fgf signaling and roughly half
were down-regulated by the two pathways. Two of the genes
up-regulated were dkk1 and notum1a, known Wnt inhibitors
(Flowers et al., 2012). Additionally, one of the down-regulated genes
was spred3, a known Fgf inhibitor. Most of the genes that were
classiﬁable by Gene Ontology were down-regulated in both treat-
ments including cell adhesion genes that may be involved in cell
migration in the tailbud (Fig. 2B). These data suggest that Fgf
promotes cell–cell adhesion while Wnt may antagonize it.
Gene Ontology analysis using the KEGG classiﬁcation of genes
from the LiCl array represents many groups. Spliceosome and
neural genes were up-regulated, and many metabolism genes
were down-regulated (Fig. 2C). Tailbud precursors begin to down-
regulate amino-acid metabolism genes and increase oxidative
metabolism genes as they differentiate (Ozbudak et al., 2010). Our
LiCl treatment exhibits an increase in aminoacyl-tRNA biosynth-
esis and a decrease in many metabolism pathway genes, which
suggest an increase in Wnt activity leads to reduction in cell
differentiation, consistent with models of Wnt maintaining an
Fig. 1. Time course of the transcriptional response in the zebraﬁsh tailbud following activation of Wnt signaling or inhibition of Fgf signaling. (A) Graphical representation
of the experimental protocol. (B) DIC images of embryos after 3 h treatment of DMSO, LiCl, and SU5402. (C) Time course of chemical treatment. LiCl activation of Wnt
signaling was measured by monitoring transcription of known direct Wnt targets dkk1 and axin2. (D) Time course of SU5402 treatment, an inhibitor of Fgfr1. Fgf signal
inhibition was assayed by quantifying transcription of direct Fgf targets sef and spry4. (E) A reduction of presomitic mesoderm cells upon 7 h SU5402 treatment is revealed
by reduction in her1, her7, and tbx6 expression. (F) Microarray analysis at the early time point (3 h) and later time point (7 h) suggests that many secondary changes in
gene expression are observed at the later time point due to alterations in cell fate and/or cell survival. The data were processed via Agilent’s Feature Extraction software
version 10.7.3.1. Samples were normalized using the percentile shift algorithm. No baseline transformation was performed. A 2-fold change cutoff was used to deﬁne
regulated transcripts. (G) Gene Ontology classiﬁcation based on Biological Processes Fat indicates that genes representing many more processes are differentially expressed
at the later time point than the early, suggesting a loss of cell fates. Fat clustering is a version of Gene Ontologies (GO) that ﬁlters out the broadest GO terms so that they do
not overshadow more speciﬁc GO terms. Fat contrasts to Slim, which provides a broader overview of the ontology content. Error bars are SEM, n¼3.
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regulated classiﬁcation groups, VEGF and Insulin, include many
members of the Mapk and PI3k family, which are shared effectors
of Fgf signaling.
KEGG pathway classiﬁcation indicated genes from the Wnt path-
way were enriched among those down-regulated by SU5402
(Fig. 2D). Also represented among down-regulated genes were the
TGFb signaling pathway and Jak/Stat signaling pathway, the latter of
which utilizes many of the same downstream effectors as Fgf
signaling. Among genes up-regulated by SU5402 treatment, retinol
metabolism genes were enriched, which was expected due to the
opposing gradients of Fgf and retinoic acid signaling in the PSM (Diez
del Corral et al., 2003). We note the Wnt pathway genes were found
to be either up- or down-regulated after inhibition of Fgf signaling(Fig. 2D), with the Wnt inhibitors dkk1 and notum1a being
up-regulated.
Fgf appears to inﬂuence Wnt signaling by both increasing
expression of Wnt ligands and repressing expression of Wnt antago-
nists. To visualize the spatial change in dkk1 mRNA, we performed
in situ hybridization following treatment with LiCl, SU5402, and a
combination of LiCl and SU5402 (Fig. 3A). dkk1 transcript levels
appear increased in the posterior tailbud following all treatment
conditions and displayed little evidence of an expansion in the
spatial domain of expression. Indeed, there was little evidence of a
change in spatial pattern of other tailbud expressed genes that we
examined (SFig. 1). The exception was the occasional extra her1
stripe due to an anterior shifting of the segmentation wavefront.
A similar observation had been previously made in mice expressing
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Fig. 2. Microarray analysis comparing Fgf and Wnt regulated genes in the tailbud. (A) Venn diagram of genes regulated in the two arrays, including overlap genes. (B–D)
Gene Ontology classiﬁcation of the overlap genes is based on Biological Processes Fat (B), while the classiﬁcation for LiCl (C) and SU5402 (D) experiments uses KEGG
pathway classiﬁcation. (C–D) A list of genes both up- and down- regulated in LiCl and SU5402 experiments that represent Mapk and PI3k genes in the LiCl array (C), and
Wnt pathway genes in the SU5402 array (D).
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2008; Dunty et al., 2008).
To validate our microarrays, we used qPCR to measure changes
in gene expression of select Wnt and Fgf targets, as well as other
genes involved in segmentation. Treatment with LiCl produced an
increase in dkk1, axin2, and notum1a and a reduction of spred3
mRNA in our microarray data; these changes were validated by
qPCR. None of the segmentation genes (her1, her7, and hes6) showed
differential expression by either microarray or qPCR analysis follow-
ing LiCl treatment. Treatment with SU5402 resulted in an expression
change of a number of Wnt, Fgf, and segmentation genes that were
validated by qPCR (Fig. 3B).
Fgf and Wnt signaling are integrated via phosphorylation of Gsk3b,
Erk and Akt
To analyze the phosphorylation states of Fgf and Wnt signaling
pathways, we selected canonical components of each pathway. For
the PI3k branch of the Fgf pathway, phosphorylated Akt (pAkt) levelswere measured. Double phosphorylated Erk (dpErk) levels were used
to quantify signaling through the Mapk branch. Gsk3b phosphoryla-
tion (pGsk3b) was used as read-out of Wnt signaling. Western blots
were performed on pooled dissected tailbuds, and pools were run on
two gels that were subsequently probed for different phospho-
proteins along with a b-Tubulin control for normalizing total protein
levels.
To determine whether Wnt signaling regulates Fgf signaling in
the zebraﬁsh tailbud, we measured the levels of dpErk and pAkt
following LiCl treatment, with pGsk3b levels acting as a positive
control. Western blot analysis indicated that treatment with LiCl
increased pGsk3b and dpErk levels, but had no effect on pAkt
levels (Fig. 4A–C), suggesting that Wnt signaling regulates Mapk
signaling but not PI3k signaling in the zebraﬁsh tailbud.
Previous studies indicate that PI3k signaling increases pGsk3b
levels in vitro (Hashimoto et al., 2002), but whether this regula-
tion occurs during vertebrate axis elongation is unknown. We
inhibited PI3k using the small molecule LY294002 (Vlahos et al.,
1994) and examined phospho-protein levels and gene expression.
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Fig. 3. In situ hybridization of dkk1 following LiCl and SU5402 treatment and qPCR validation of selected microarray data. (A) In situ hybridization of dkk1 following LiCl,
SU5402, and LiCl/SU5402 treatment. Embryos were stained in parallel for the same duration and images were processed identically. The spatial pattern of dkk1 does not
appear to expand, but levels increase following treatment with LiCl, SU5402, and a combination of LiCl and SU5402. Posterior is down. n¼4 experiments, 15 embryos per
treatment per experiment. (B) We used direct transcriptional targets of the Wnt and Fgf pathways, along with genes involved in somitogenesis, to validate the microarray
data. No change in transcription was observed via microarray or qPCR for genes involved in somitogenesis (her1, her7, hes6) following LiCl treatment. Changes identiﬁed via
microarray in axin2, dkk1, notum1a, and spred3 expression following LiCl treatment were conﬁrmed by qPCR. Inhibition of Fgf signaling using SU5402 resulted in a change
in dkk1, notum1a, fgf8, her1, her7, hes6, sef, sprouty4, dusp4, pea3, spred3, tbx6, and tbx24 expression detected via microarray, and these changes were conﬁrmed by qPCR
(n ¼ 4). Error bars are SEM. Statistical comparisons were made using the Student’s unpaired t test. *pr0.06, **pr0.01, ***pr0.001.
M.J. Stulberg et al. / Developmental Biology 369 (2012) 298–307 303Treatment for 3 h led to the expected decrease in pAkt levels, and
also a reduction in pGsk3b levels (Fig. 4A and B). This decrease in
pGsk3b levels correlates with the lower Wnt target gene levels
measured by qPCR (Fig. 5A), suggesting that PI3k interfaces with
Wnt signaling in the tailbud.
Regulation of Wnt signaling by Fgfr and Mapk is more com-
plex, and the data are more difﬁcult to interpret. cdx4 expression
is regulated by both Wnt and Fgf signaling (Shimizu et al., 2005),
and we ﬁnd that cdx4 expression is down-regulated after Mapk
inhibition (Fig. 5C). Inhibition of Mapk signaling also increases
dkk1 and notum1a expression in a manner similar to that
observed after inhibition of Fgfr (Fig. 5B and C). The elevation in
expression of Wnt antagonists following inhibition of Fgfr and
Mapk signaling would be predicted to lead to a decrease in Wnt
signaling, but neither inhibition of Fgfr nor Mapk signaling
reduced the level of pGsk3b (Fig. 4A). The expression of Wnt
antagonists such as notum1a and dkk1 would normally decline
when Wnt signaling is abrogated but the regulation of these
genes by Fgf signaling makes their expression unsuitable repor-
ters of Wnt activity in the SU5402 and U0126 experiments.
Fgf signaling in the tailbud utilizes the Mapk pathway more than
the PI3k pathway
To test whether Fgfr signaling in the tailbud is mediated by
Mapk or PI3k signaling, we quantiﬁed phosphorylation levels and
gene expression following SU5402 treatment as well as after
inhibition of Mapk or PI3k. Treatment with SU5402 did not alter
pAkt or pGsk3b levels, but did reduce the amount of dpErk(Fig. 4A–C). Inhibiting Mapk using the small molecule U0126
(Favata et al., 1998) resulted in a decrease of dpErk levels, as
expected (Fig. 4C). Analysis of gene expression by qPCR indicates
that many of the same genes regulated by SU5402 are also
affected by U0126. Two notable exceptions are notum1a
(Fig. 5C) and fgf8, which are both up-regulated in response to
SU5402 in both our microarray and our qPCR data. We conclude
that in zebraﬁsh, Mapk mediates much of the transcription
regulation downstream of Fgfr in the PSM, but Mapk inhibition
does not account for all of the changes observed after SU5402
treatment.
Inhibition of Fgf signaling via SU5402 and inhibition of PI3k
signaling via LY294002 treatment produces few shared effects on
levels of transcription and phosphorylation. PI3k signaling regulates
dusp4, spry4 and hes6, consistent with SU5402 treatment, but no
major change is observed by qPCR on other Fgf targets, and the
effect on the Wnt inhibitors dkk1 and notum1a is opposite that seen
with SU5402 treatment (Fig. 5D). However, as previously reported,
inhibition of PI3k signaling does reduce tail elongation, whereas
Mapk inhibition does not (data not shown)(Finkielsztein and Kelly,
2009; Hawkins et al., 2008). Thus, PI3k may function independently
of Fgfr and play a more important role in regulating tail morpho-
genesis than in governing tailbud transcription.Discussion
We report cross-regulation between the Fgf and Wnt signaling
pathways in the zebraﬁsh tailbud. Previous studies attempted to
Fig. 4. Quantiﬁcation of Gsk3b, Akt and Erk phosphorylation in the tailbud following
perturbation of Fgfr1, Mapk, PI3k and Gsk3b signaling. (A) Western blot analysis of
pGsk3b after treatment with LiCl, SU5402, U0126 (Mapk inhibitor), and LY294002
(PI3k inhibitor), reveals levels are signiﬁcantly down-regulated in LY294002 (n¼11)
and up-regulated in LiCl (n¼9) treatments. (B) pAkt is signiﬁcantly down-regulated
by LY294002 (n¼10) and (C) dpErk is down-regulated by U0126 (n¼4), SU5402
(n¼5), and is up-regulated by LiCl (n¼5). Phospho-protein levels normalized to
b-Tubulin levels. Statistical comparisons were made using the Student’s unpaired t
test. *pr0.05, **pr0.01, ***pr0.001. Error bars are SEM.
M.J. Stulberg et al. / Developmental Biology 369 (2012) 298–307304establish a clear epistatic hierarchy between the Fgf and Wnt
pathways, and we provide an explanation for their inability to
unambiguously do so (Aulehla and Pourquie, 2008; Dunty et al.,2008; Wahl et al., 2007). We ﬁnd that these pathways are
integrated via protein phosphorylation and transcriptional reg-
ulation (Fig. 5E and F). For example, inhibition of Fgfr and Mapk
leads to an increase in expression of the Wnt inhibitor dkk1,
consistent with observations by ISH in mouse embryos (Wahl
et al., 2007). These data suggest that Fgf signaling promotes Wnt
signaling via inhibition of Wnt antagonists.
Inhibition of Fgfr results in a change of expression of some Wnt
target genes. This result is consistent with experiments with chick
extracts (Hardy et al., 2011). The Wnt pathway genes regulated by
Fgfr include both canonical pathway genes and some non-canonical
Wnt ligands. Notably, non-canonical Wnt signaling is also required
for zebraﬁsh tail elongation (Marlow et al., 2004).
We also ﬁnd that activating Wnt signaling increases Fgf
signaling. This interaction has been observed in mouse via ISH
analysis of fgf8 and pea3 following constitutively active b-catenin
induction (Aulehla et al., 2008; Dunty et al., 2008). In our study,
inhibition of Gsk3b leads to an increase in dpErk, suggesting a
direct response of Fgf activity to changes in Wnt activity. pGsk3b
can promote the phosphorylation of Erk by de-regulating its
upstream kinases (Kim et al., 2012). Our microarray data also
showed LiCl treatment down-regulates spred3 which acts as an
inhibitor of Mapk signaling.
The communication between the Fgf andWnt pathways suggests
that it is important for Fgf and Wnt signaling to remain proportional
during tail elongation and somitogenesis. Previous experiments with
b-catenin and Erk, along with mathematical modeling, suggest that
it is not absolute levels of signal that are important for cell
differentiation, but the relative change in signal levels (Cohen-
Saidon et al., 2009; Goentoro and Kirschner, 2009; Goentoro et al.,
2009). Additionally, if the pathways cause opposing effects on cell
adhesion, a proper balance may be necessary to ensure normal cell
ﬂow in the tailbud. The crosstalk between Wnt and Fgf likely begets
more robust signaling, which buffers environmental and genetic
variation so that the ratio of signaling remains consistent from
embryo to embryo.
Prior studies of somitogenesis suggest that Mapk is the main
effector of Fgf signaling, and we verify that Mapk is downstream of
Fgf signaling in the zebraﬁsh tailbud (Niwa et al., 2007; Sawada
et al., 2001). Our data indicate that PI3k signaling does regulate
some Fgf targets, but inhibition of PI3k does not signiﬁcantly affect
sef expression and generally has distinct effects on gene regulation
relative to inhibition of Mapk. PI3k signaling was not affected by
inhibition of Fgfr, but we did observe an axis elongation defect after
PI3k inhibition suggesting that PI3k signaling functions indepen-
dently of Fgfr signaling in regulating axis elongation. While PI3k
signaling is canonically downstream of Fgf, PI3k/Akt can function
within other signaling pathways. For example, BMP can signal
through PI3k/Akt in embryonic stem cells (Lee et al., 2009), and
BMP signaling is also active in the zebraﬁsh tailbud (Row and
Kimelman, 2009; Szeto and Kimelman, 2004). Additionally, a recent
study demonstrated that in skeletal muscle, non-canonical Wnt
signaling via Wnt7a/Fzd7 can trigger the phosphorylation of Akt
through PI3k (von Maltzahn et al., 2012). While our data indicate
that PI3k has an important role in regulating trunk and tail
morphogenesis, it is unclear which pathway(s) signal through PI3k
in the tailbud.
Comparison of gene expression after inhibition of PI3k to
activation of Wnt reveals correlations that suggest PI3k signaling
normally represses Wnt signaling in the tailbud. Indeed, we ﬁnd
that PI3k signaling promotes phosphorylation, i.e., inhibition, of
Gsk3b (Fig. 6). This interaction with the Wnt/beta-catenin path-
way is hypothesized to be integral to PI3k/Akt signaling in cancer
metastasis (Qiao et al., 2008).
We observed that transcription of the Wnt signaling antago-
nists dkk1 and notum1a is governed by both Wnt and Fgf. These
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Fig. 5. Comparison of the transcriptional responses within the tailbud following perturbation of Fgfr1, Mapk, PI3k and Gsk3b signaling. (A) qPCR analysis comparing LiCl to
LY294002. LiCl activates Wnt (via Gsk3b), while LY294002 inhibits PI3k. Genes up-regulated by LiCl are down-regulated after treatment with LY294002. (B) LiCl treatment
response compared to U0126 treatment. (C) The Mapk inhibitor U0126 and SU5402 appear to regulate the same genes in a similar manner. The Wnt inhibitor dkk1 is up-
regulated after treatment with both SU5402 and U0126, and genes in the Fgf synexpression group are down-regulated by both SU5402 and U0126, consistent with Mapk
mediating Fgfr signaling in the tailbud. (D) The PI3k inhibitor LY294002 and Fgfr inhibitor SU5402 exhibit more limited similarities in gene regulation. n¼3 or 4. Statistical
analyses utilized Student’s unpaired t test. *pr0.05, **pr0.01, ***pr0.001. Error bars are SEM. E and F are graphical depictions of Western blot and qPCR data. (E) Fgf
signals more strongly through the Mapk pathway. PI3k promotes Wnt signaling by increasing pGsk3b levels. Both Fgfr and pGsk3b increase dpErk levels. Arrows indicate
phosphorylation events. (F) qPCR analysis indicates that Fgfr and Mapk promote both Fgf inhibitor and mesoderm-speciﬁc transcription, while repressing transcription of
Wnt antagonists. PI3k promotes Wnt antagonist transcription but has weaker effects on Fgf inhibitor and mesoderm-speciﬁc transcription. Activating Wnt signaling by
inhibiting Gsk3b (pGsk3b) induces Wnt inhibitor gene expression and causes a moderate induction of some Fgf inhibitors. Green arrows signify positive regulation while
red lines with stops represent inhibition. The arrow thickness represents relative strength of regulation.
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Fig. 6. A simple model of the Fgf and Wnt gene network in the zebraﬁsh tailbud.
In addition to the previously described autoregulatory loops between Fgf, Wnt and
T-box genes (grey arrows), we ﬁnd evidence of more direct intertwining of the Fgf
and Wnt pathways (colored arrows). Fgf signaling inhibits transcription of the
Wnt inhibitors dkk1 and notum1a. PI3k signaling activates the Wnt pathway by
phosphorylating (inactivating) Gsk3b. Phosphorylation of Gsk3b also leads to an
increase in active Erk levels, suggesting Wnt signaling promotes Mapk activity. Fgf
and Wnt have opposing effects on transcription of co-regulated genes, which
include Fgf (spred3) and Wnt (dkk1, notum1a) inhibitors.
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addition to 261 other genes identiﬁed by microarray analysis
(Fig. 6). In mouse embryos, dkk1 expression normally oscillates
out-of-phase with Fgf target gene oscillations in the PSM, sug-
gesting an antagonistic relationship between the two pathways
(Dequeant et al., 2006). In zebraﬁsh, dkk1 is expressed in a
posterior to anterior gradient in the tailbud and exhibits no
evidence of oscillation (Hashimoto et al., 2000). We ﬁnd that
increases in dkk1 expression after activation of Wnt signaling or
inhibition of Fgf signaling manifest as an increase in the slope of
the dkk1 gradient rather than an expansion of the expression
domain. The antagonistic regulation of dkk1 by Wnt and Fgf in
zebraﬁsh may be a rudimentary relationship related to the
antiphase oscillations of dkk1 and sprouty in the mouse.
Future experiments exploring BMP signal integration with Wnt
and Fgf in the tailbud should expand the gene network governing
tailbud development. A number of studies in zebraﬁsh indicate the
importance of BMP in trunk and tail elongation (Agathon et al.,
2003; Row and Kimelman, 2009; Szeto and Kimelman, 2004).
Indeed, a study in zebraﬁsh utilized ectopic expression of BMP
during axis elongation and found that BMP regulates Wnt signaling
(Row and Kimelman, 2009). Our microarray results showed many
members of the BMP pathway being regulated by both Wnt and Fgf
signaling, thus BMP signaling may also constitute part of the broader
regulatory network governing mesoderm and neural development
in the vertebrate trunk and tail.Conclusion
Fgf signaling inhibits Wnt inhibitors and promotes the expres-
sion of some Wnt ligands. Wnt, in turn, promotes the phosphoryla-
tion of Erk, a downstream effector of Fgf. These interactions contrast
to the indirect activation provided by T-box gene expression that
forms an autoregulatory loop with Wnt and Fgf signaling (Fig. 6).
Our data indicate that Fgf and Wnt signaling are intertwined to
maintain proportional signaling levels, facilitating normal axis
elongation, cell differentiation and segmentation.Acknowledgements
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